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 21 
Abstract 22 
 23 
 24 
We perform four numerical magnetohydrodynamic simulations in 2.5 dimensions (2.5D) of fast Coronal 25 
Mass Ejections (CMEs) and their associated shock fronts between 10Rs and 300Rs. We investigate the 26 
relative change in the shock standoff distance, Δ, as a fraction of the CME radial half-width, Dob (i.e. Δ/ 27 
Dob). Previous hydrodynamic studies have related the shock standoff distance for Earth’s magnetosphere 28 
to the density compression ratio (DR, ρu/ρd) measured across the bow shock (Spreiter, Summers, & 29 
Alksne 1966). The DR coefficient, kdr, which is the proportionality constant between the relative standoff 30 
distance (Δ/ Dob) and the compression ratio, was semi-empirically estimated as 1.1. For CMEs, we show 31 
that this value varies linearly as a function of heliocentric distance and changes significantly for different 32 
radii of curvature of the CME’s leading edge.  We find that a value of 0.8±0.1 is more appropriate for 33 
small heliocentric distances (<30Rs) which corresponds to the spherical geometry of a magnetosphere 34 
presented by Seiff (1962). As the CME propagates its cross section becomes more oblate and the kdr value 35 
increases linearly with heliocentric distance, such that kdr= 1.1 is most appropriate at a heliocentric 36 
distance of about 80Rs.  For terrestrial distances (215Rs) we estimate kdr= 1.8 ±0.3, which also indicates 37 
that the CME cross-sectional structure is generally more oblate than that of Earth’s magnetosphere. These 38 
alterations to the proportionality coefficients may serve to improve investigations into the estimates of the 39 
magnetic field in the corona upstream of a CME as well as the aspect ratio of CMEs as measured in situ. 40 
 41 
 42 
 43 
  44 
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1. Introduction 45 
 46 
 47 
Although the properties of CMEs have been studied for many years (e.g. Gopalswamy et al. 2009; St Cyr 48 
et al. 2000; Vourlidas et al. 2010; Yashiro et al. 2004), it is only recently with the dawn of the STEREO 49 
(Eyles et al. 2009; Kaiser et al. 2008) and Coriolis (Eyles et al. 2003; Jackson et al. 2004) missions that 50 
their white light structures have been studied much deeper into interplanetary space between the Sun and 51 
the Earth (Maloney & Gallagher 2011; Savani et al. 2009). Even then, the white light structures become 52 
too dim within the cameras to accurately trace out the global shape as they approach Earth. As such, novel 53 
methods to estimate the cross section at terrestrial distances have been investigated. Studies to estimate 54 
the cross sectional morphology of CMEs using one dimensional (1D) in situ data have recently been 55 
investigated (Russell & Mulligan 2002; Savani et al. 2011b). However these studies not only rely on the 56 
properties of the shock front associated to the CME but also assume the geometry and shock standoff 57 
distance is identical to Earth’s magnetosphere. By using physical arguments, a study by Siscoe and 58 
Odstrcil (2008) suggest that this may not be the case. In this paper we test the validity of assuming a 59 
magnetosheath as an appropriate geometry for a sheath region ahead of a CME. 60 
 61 
CMEs observed remotely from coronagraphs after they are initially launched off the Sun are often treated 62 
as objects with circular cross-sections (Howard et al. 1982; Krall et al. 2001; Vourlidas, et al. 2010). This 63 
circular shape is consistent with theoretical derivations of twisted magnetic field lines that form flux rope 64 
structures (Chen 1989; Chen et al. 1997; Titov & Demoulin 1999), which are also used to initiate CMEs 65 
in computational models (Lugaz, Manchester, & Gombosi 2005; Manchester et al. 2004; Shiota et al. 66 
2005; Shiota et al. 2010). These circular structures (i.e. aspect ratio of 1) found in force-free conditions 67 
are often considered to be a correct ‘zeroth’ order approximation for a class of ICME known as magnetic 68 
clouds, which are observed in situ to have a smooth field line rotation consistent with a flux rope. Some 69 
of the earliest modelling of in situ data assumed circular cross sections (Burlaga 1988; Lepping, Jones, & 70 
Burlaga 1990), and this geometry currently remains as the zeroth order approximation for estimates of 71 
their total magnetic flux content at terrestrial distances when considering long term space climate 72 
variability and potential space weather effects (Lockwood et al. 2004; Owens & Crooker 2006). However, 73 
as a CME propagates at a near constant radial velocity while expanding in the meridional direction to 74 
maintain a near-constant angular width, it has long been suspected that a CME could flatten into an 75 
elliptical cross-section as it travels further into the heliosphere (Riley & Crooker 2004; Savani et al. 76 
2011a). As such, numerous attempts have been made to modify the static picture of a simple constant-α 77 
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flux rope fitting (Hidalgo et al. 2002; Marubashi 1986; Mulligan & Russell 2001; Owens, Merkin, & 78 
Riley 2006).  79 
 80 
Russell and Mulligan (2002) suggested that the aspect ratio of a CME may be estimated from measuring 81 
the distance between the shock and the leading edge of the CME (shock standoff distance, Δ) and then by 82 
assuming that the geometry of Earth’s bow shock is appropriate for interplanetary CMEs (ICMEs; see 83 
figure 1). The authors therefore began the derivation of their estimates from the semi-empirical formula 84 
(Spreiter, et al. 1966),  85 
 86 
∆
஽ೀಳ  ൌ 1.1 
ఘೠ
ఘ೏      (1) 87 
 88 
which is based on gas-dynamic theory for Earth’s magnetosphere, where DOB is the distance from the 89 
center to the nose of the obstacle (originally the Earth’s magnetopause), ρ is the plasma density and the 90 
subscripts ‘u’ and ‘d’ denote up and downstream of the shock, respectively. DOB was then later substituted 91 
for the vertical extent of the obstacle (DT, see section 2 for details). The density compression ratio (DR) 92 
coefficient, kdr =1.1 was calculated experimentally under laboratory conditions. A metallic object, oblate 93 
in shape, was fired through neutral argon gas and snapshots in time were taken during its propagation. 94 
This allowed measurements to be taken for the shape and location of the shock front in relation to the 95 
obstacle under different firing speeds, which correlate to the compression of gas across the shock front. 96 
As much of the theory that correlates this sheath geometry to a CME is fundamentally based on this 97 
empirical equation in this paper (see section 2 for details), we investigate the robustness of kdr for fast 98 
CMEs travelling between the Sun and 1AU. 99 
 100 
 101 
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  102 
Figure 1. Schematic displaying the relationship between Earth’s bow shock and characteristics of an 103 
ICME. We relate the width of a CME measured with in situ instruments and the distance from the Earth 104 
to the magnetopause nose (DOB), and the vertical size (1/2 H) to the radius of curvature (Rc). (Taken from 105 
Savani, et al. 2011b).  106 
 107 
 108 
Russell and Mulligan (2002) investigated a CME event from Pioneer Venus Obiter (PVO) during the 109 
spacecraft’s transit to Venus. The authors used in situ data to measure the shock standoff distance, Δ, and 110 
related it to equation 1 in order to predict the aspect ratio of the CME’s cross section. The authors 111 
estimated an aspect ratio of 4, which is in agreement to the geometrical prediction by Savani, et al. 112 
(2011a). However, a more thorough investigation of this mathematical formulism by Savani, et al. 113 
(2011b) for 45 events between the ~0.5 and 5.5 AU found an average aspect ratio of 2.8 ± 0.5. From these 114 
results, Savani, et al. (2011b) concluded that deformations to the leading edge of CMEs may occur 115 
frequently, thereby predicting a smaller radius of curvature. But the authors noted that the estimates are 116 
predicted on the assumption that the behaviour of the sheath is identical for interplanetary CMEs and 117 
Earth’s magnetosheath. This disparity was highlighted on physical grounds by Siscoe and Odstrcil (2008). 118 
They argued that the transient nature of CMEs and their lateral expansion changes the sheath behaviour 119 
by prohibiting the solar wind from deflecting around the CME. The authors suggest that the solar wind 120 
plasma ‘piles up’ ahead of the CME, thereby categorising this as an ‘expansion sheath’ apposed to the 121 
‘propagation sheath’ for common magnetospheres. Therefore these authors would predict that the 122 
coefficent, kdr would not necessarily equal 1.1 and it may perhaps vary as the CME becomes more 123 
elliptical (i.e. for larger heliocentric distances). 124 
 125 
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Analysis based on similar theoretical geometry of equation 1 and detailed in section 2 have been 126 
investigated beyond the heliocentric range of Savani, et al. (2011b). Lynnyk et al. (2011) investigated the 127 
radius of curvature of CMEs in a similar manner to Russell and Mulligan (2002) and Savani, et al. 128 
(2011b), however they concentrated on CMEs detected by the Voyager mission (Burlaga et al. 1981) at 129 
much larger heliocentric distances (1 – 30AU).  130 
 131 
Also, the CME geometry based on equation 1, formed the foundation for deducing the magnetic field 132 
strength upstream of the CME-driven shock in the solar corona between 1.5 – 23 solar radii (Gopalswamy 133 
& Yashiro 2011). In this scenario, the shape of the CME and sheath distance was measured remotely off 134 
the limb of the Sun, allowing an estimate of the sound speed Mach number to be made. With further 135 
assumptions, an estimate of the magnetic field strength was made.  136 
 137 
Therefore, it is for the reason of multiple research interests, all based on a single semi-empirical formula 138 
(equation 1), which has itself been considered questionable, that we investigate the suitability of kdr = 1.1. 139 
We carry out our investigation with the aid of 2.5D MHD simulations detailed in section 3.  140 
 141 
 142 
2. Theory 143 
 144 
Spreiter et al. (1966) measured the densities up and downstream as well as the position of the bow shock 145 
from an experimental procedure designed to mimic the terrestrial magnetosphere with the aid of an oblate 146 
metallic obstacle fired through argon gas. They concluded that kdr = 1.1 remains robust for a variety of 147 
upstream solar wind velocities (Mach number, M, between 5 and 100) and the ratio of specific heats 148 
(polytropic index), γ between 1.1 and 2. 149 
 150 
However, the shape of the obstacle was shown to make a significant impact. Seiff (1962) performed a 151 
similar analysis for a spherical obstacle and produced the relation, 152 
 153 
∆
஽ೀಳ  ൌ 0.78 
ఘೠ
ఘ೏  .    (2) 154 
 155 
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The practical application of equations 1 and 2 is carried out by exchanging the ratio of densities to Mach 156 
number. This can be done under hydrodynamic (HD) conditions by invoking the conservation of mass, to 157 
produce the nontrivial solution (Priest 1984)   158 
ఘೠ
ఘ೏ ൌ
(ఊିଵ)ெೠమାଶ
(ఊାଵ)ெೠమ   ,    (3) 159 
 160 
in terms of the sonic Mach number Mu ؠ ݒ௨ ܿ௦,௨⁄  , where ܿ௦,௨ ؠ (ߛ݌௨ ߩ௨⁄ )ଵ ଶ⁄ . Here, p is the pressure and 161 
v is the velocity. However, under the more sophisticated magneto-hydrodynamic (MHD) regime, 162 
equation 3 is only applicable for a parallel shock where the velocity and magnetic field are both parallel. 163 
While the MHD solution for a perpendicular shock where the velocity is normal to the shock front 164 
follows (Priest & Forbes 2007): 165 
 166 
2(2 െ ߛ)   વଶ   ൅  ሾ2ߛߚ ൅ (ߛ െ 1)ߛߚ ܯ௨ଶ ൅ 2ߛሿ   વ െ    ߛ(ߛ ൅ 1)ߚ ܯ௨ଶ    ൌ  0 ,  (4) 167 
 168 
where વ ൌ ρୢ ρ୳⁄  and β is the upstream plasma beta. Equation 4 is a quadratic equation that can be 169 
solved as a function of Mach number, with the magnetic field serving to reduce X below its 170 
hydrodynamic value. However for the purposes of CME-driven shocks, current studies have focused on 171 
the application of only the HD case from equation 3. Unfortunately under a low Mach number regime 172 
(Mد 3) neither equation 1, 2 nor 3 are valid. This led Farris and Russell (1994) to make an adjustment to 173 
the denominator of equation 3 from (ߛ ൅ 1)ܯ௨ଶ  ՜ (ߛ ൅ 1)( ܯ௨ଶ െ 1). This was done on an intuitive 174 
basis. 175 
 176 
Even though the Mach number is the observationally measured estimate used to infer the CME-driven 177 
shock properties, we choose to focus on quantifying kdr in the work presented here because the inferred 178 
answers assume the less accurate HD scenario. 179 
 180 
Farris and Russell (1994) noted that the radius of curvature at the nose of Earth’s magnetopause can be 181 
estimated as equal to the vertical extent of a magnetosphere (sometimes called the terminator distance). 182 
Under this assumption the distance from the center of the Earth to the nose of the magnetopause can be 183 
used to estimate the radius of curvature: 184 
ோ೎
஽ೀಳ ൌ 1.35  .     (5) 185 
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While, in fact the radius of curvature stated by Spreiter, et al. (1966) is, ܴ௖ ൌ ܦை஻൫3 ൅ √21൯ 6⁄ , and is 186 
approximately 1.26 (Verigin et al. 2003). 187 
 188 
By combining equations 1, 3 and 5 (i.e. under the HD regime) we are able to relate the radius of curvature 189 
of an obstacle based on an oblate magnetosphere to two measurable quantities, 190 
 ∆ோ೎ ൌ 0.81 
(ఊିଵ)ெೠమାଶ
(ఊାଵ)ெೠమ    ,     191 
݂݋ݎ   ߛ ൌ 5 3ൗ    ֜      
∆
ோ೎ ൌ 0.204 ൅ 0.611 ܯ௨ି
ଶ .   (6) 192 
However, the radius of curvature may be related to the spherical geometry found in equation 2 to produce 193 
the formulae used by Russell and Mulligan (2002): 194 
 ∆ோ೎ ൌ 0.58 
(ఊିଵ)ெೠమାଶ
(ఊାଵ)ெೠమ    ,     195 
݂݋ݎ   ߛ ൌ 5 3ൗ    ֜       
∆
ோ೎ ൌ 0.195 ൅ 0.585 ܯ௨ି
ଶ  .    (7) 196 
The authors performed the calculations with an assumed polytropic index of 5/3. The spherical geometry 197 
inherent in equation 7 is perhaps more applicable than equation 6 for CMEs early in their propagation 198 
phase, when the CME morphology may be considered to have a more idealised circular cross-section. At 199 
a heliocentric distance of ~1.4Rs, Gopalswamy et al. (2012) showed that the coronal magnetic field can 200 
be indirectly estimated by fitting a circular shape to a CME observed in SDO and by implementing 201 
equation 6.  However this analysis required a further assumption that the Alfven Mach number (MA) can 202 
be substituted for the gasdynamic sonic Mach number (M), which is a good approximation only for low 203 
Mach numbers in the solar wind (Fairfield et al. 2001). 204 
 205 
 206 
3. Numerical Model  207 
3.1 Numerical Scheme 208 
 209 
The axisymmetric simulation performed in this work solves the MHD equations using a finite volume 210 
method with the Harten-Lax-van Leer Discontinuities (HLLD) nonlinear Riemann solver (Miyoshi & 211 
Kusano 2005), the third-order TVD Monotone Upstream-centered Schemes for Conservation Laws 212 
(MUSCL), and the second order Runge-Kutta time integration. Details of the numerical model are 213 
specified in Shiota et al. (2008). The MHD equations implemented in the system follow the equation of 214 
continuity, the equation of motion, the induction equation, and equation of energy with gravity.  215 
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 216 
However, this simulation alone without any corrections may violate the divergence-free condition of the 217 
magnetic field. As the magnetic field is derived from the solenoidal condition, the simulation may 218 
breakdown if the numerical value of  ׏. ࡮ is not sufficiently small. This is corrected in our simulation by 219 
employing the hyperbolic divergence B diffusion method (Dedner et al. 2002) and detailed in Shiota, et 220 
al. (2008). In essence, once a finite value of ׏. ࡮ is locally formed within the numerical domain, the 221 
quantity is distributed across the full domain and thereby reduces any localised magnitude. 222 
 223 
The numerical domain is axisymmetric in the meridional plane and extends in the radial direction 224 
between 4 Rs and 304 Rs. The domain is discretized to a grid of (nr, nθ)=(1604,512) in a non-uniform 225 
manner in order to enhance the resolution at smaller heliocentric distances (Shiota, et al. 2008). The inner 226 
boundary is set outside the sonic point at 4 Rs. The thermodynamic effects such as initial coronal heating, 227 
radiative cooling and initial acceleration processes for the solar wind are neglected in this study. The 228 
electric resistivity is set to be zero, thus causing magnetic reconnection to occur only as a result of 229 
numerical diffusion. 230 
 231 
 232 
3.2 Solar wind  233 
 234 
To obtain the initial steady-state solar wind solutions, we begin with reasonable initial conditions and 235 
integrate the MHD equations (Shiota, et al. 2008) in a Cartesian coordinate system while the grid system 236 
remains in a spherical system. Initially, a supersonic solar wind is set to be at a uniform speed of 237 
300km/s, with a uniform density of 6.33x 103cm-3 and at a uniform temperature of 1.32x 106K. The initial 238 
magnetic field of the Sun is considered to have a simple dipolar configuration. However, as the inner 239 
boundary can be considered to be past the source surface (which is usually set at ~2.5Rs), we assume all 240 
the field lines are ‘open’ and directed radially from the Sun. The field direction is flipped at the equator 241 
and follows  242 
࡮(ܺ, ܼ) ൌ ܤ௥(ܺ, ܼ) ࢋ௥ ൌ ஻ೝబ௥మ   tanh ቀ
ଵ
௪೎ೞ
௓
௥ቁ  .      (8) 243 
Where ݎ ൌ √ܺଶ ൅ ܼଶ, Br0 = 3 G, and the current sheet thickness is defined by wcs= 0.05. Therefore a field 244 
strength of 0.1875 Gauss is injected at the inner boundaries of the poles. 245 
 246 
The specific heat ratio, γ is set to 1.4 in order to simply introduce a small energy source. The heat ratio is 247 
set slightly below the average estimate for the solar wind (γ=1.46) as measured in situ (Kartalev et al. 248 
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2006; Totten, Freeman, & Arya 1995). As the work presented below investigates the DR coefficient, kdr 249 
as defined in equation 1, and the maximum theoretical density compression ratio is intimately linked to γ 250 
(i.e. a maximum ratio of 4 when γ =5/3), it is important for this study to estimate the compressibility of 251 
the solar wind appropriately. Many MHD simulations use a reduced non-adiabatic polytropic index of 252 
γ=1.05 as a simplified correction for neglecting the thermodynamic effects in the corona (e.g. Linker et al. 253 
1999), however this is not appropriate for our study, therefore we must start our simulation domain above 254 
these effects (Pomoell & Vainio 2012). For this reason we set the inner boundary of our domain at 4Rs 255 
and fix the initial CME flux rope at 10Rs (see section 3.3 for details on flux rope initiation). It is worth 256 
noting that Pomoell, Vainio, and kissmann (2011) studied the dynamics of shocks by setting the heating 257 
source term to an appropriate value, such that the polytropic index may be maintain at 5/3 while retaining 258 
an identical background solar wind solution produced by a polytropic index of 1.05. 259 
 260 
We also note that 2.5D simulations have been shown to provide comparable results to their 3D equivalent 261 
if their initial momentum are identical (Jacobs, van der Holst, & Poedts 2007). Jacobs, et al. (2007) 262 
showed that the position of the front and center of mass were comparable to their 3D equivalent. They 263 
predicted that the 2.5D simulation would be subject to a smaller drag force because the CME surface is 264 
spread over a larger area when compared to the 3D case. Because the domain of the authors work was 265 
limited to a maximum heliocentric distance of 30Rs, they predicted the consequence of the smaller drag 266 
force would result in an earlier arrival time of the CME at Earth. However their simulation is based on a 267 
‘density-driven’ model which involves the launching of a high-density plasma blob, and therefore does 268 
not consider the magnetic forces. 269 
 270 
Our solar wind model has similar parameters to the study performed by Tsurutani et al. (2003); these 271 
authors investigated the propagation of a CME-driven shock. Both models are axisymmetric and neither 272 
include a bimodal wind nor a spiral interplanetary magnetic field. However Tsurutani, et al. (2003) 273 
investigated a spatial regime starting at the solar surface, as such they chose to vary the polytropic index 274 
with radial distance in order to accommodate the additional heating source processes occurring in the 275 
solar corona. Manchester et al. (2005) compared their findings from a global 3D model with a Gibson-276 
Low magnetic flux rope with that of Tsurutani and co-authors, and found a similar pattern for the shock 277 
normal direction at low latitudes. The shock Mach number is found to increase to about 18Rs, whereas 278 
Tsurutani, et al. (2003) find that the Mach number aproaches a maximum at 130Rs. 279 
 280 
 281 
 282 
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3.3 CME creation 283 
 284 
As we are interested in the morphology of the CME and the shock position, we do not consider the trigger 285 
process or possible instability conditions for the launch of CMEs (e.g. Antiochos, DeVore, & Klimchuk 286 
1999; Chen & Shibata 2000; Forbes & Priest 1995; Inoue & Kusano 2006; Kusano et al. 2004; Roussev, 287 
Lugaz, & Sokolov 2007). We artificially superimpose a toroidal flux rope onto the background solar wind 288 
as a non-equilibirum structure. The magnetic field inside the flux rope is defined as 289 
 290 
  ࡮ ൌ  ߙ׏  ൈ (Φe׎) ൅ ׏  ൈ ׏  ൈ (Φe׎)   ,   (9) 291 
 292 
Where eφ is the unit vector in the φ direction, α is the force free parameter and Φ is the flux function. The 293 
magnetic field is semi-analytically calculated by the axisymmetric Grad-Shafranov equation, 294 
  295 
డమట
డ௑మ ൅
డమట
డ௓మ ൅ ቀ
ଵ
ସ௑మ ൅ ߙଶቁ ߰ ൌ 0      (10) 296 
 297 
where ߰ ൌ √ܺΦ (similar to the toroidal solution by Miller & Turner 1981) and by applying a boundary 298 
condition of 299 
  300 
Φ ൌ 0 when   ݎ ൌ  ඥ(ܺ െ ܺ௖)ଶ ൅ ܼଶ ൒ aୡ   .    (11) 301 
 302 
The variables Xc is the initial heliocentric distance of the flux rope center; ac is the minor radius of the 303 
flux rope; and α =1/Xc. The Grad-Shafranov equation is solved numerically using the successive over-304 
relaxation (SOR) method (Press, et al. 1992) by following,  305 
  306 
ψ୧,୨୬ାଵ ൌ ψ୧,୨୬ ൅ ω ൤
ந౟శభ,ౠ౤ ାந౟షభ,ౠ౤
D ୼Xమ ൅
ந౟,ౠశభ౤ ାந౟,ౠషభ౤
D ୼Zమ െ ψ୧,୨୬ ൨    (12) 307 
D ൌ  ൤ 14Xଶ െ
2
ΔXଶ െ
2
ΔZଶ ൅ α
ଶ൨ . 
 308 
Where ω, set to equal 1.5, is the extrapolation factor chosen to accelerate the rate of convergence of the 309 
iterates to the solution. The initial plasma density of the flux rope is also defined as twice the surrounding 310 
solar wind value. The magnetic flux threading through the cross-section, ܨ௅ ൌ ׭ ࡮థ  ݀ܺ ܼ݀. Everywhere 311 
within the flux rope is set to an approximately force-free condition in the initial state. The values of the 312 
parameters investigated in the paper are displayed in table 1.  313 
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 314 
315 
 Figure 2. 2.5D simulated flux rope for case study 1 is displayed at six frames during its propagation from 316 
10Rs to ~200Rs. The radial component of the velocity is shown in color within the simulated domain 317 
(between 4Rs and 304Rs). The color bar is the same for all the panels of each of the parameters. The 318 
black curves follow the contours of constant flux function, which trace out the magnetic field lines. Note 319 
that the magnetic field lines in each panel are different to each other. 320 
 321 
 322 
4. Results 323 
 324 
In this paper we use four simulated case-study events to investigate the impact of varying the initial speed 325 
and the size of the flux rope. Case 1 is our benchmark event that begins at 10Rs and has a radial width of 326 
4Rs; see figure 2. This size was chosen by the restrictions imposed by the assumptions used in the 327 
simulation and observational evidence. A restriction to the minimum heliocentric distance for the FR is 328 
set from the inability to correctly consider the effects of coronal heating and the angular width of 329 
approximately 50 degrees is estimated as a typical width of a CME from remote sensing observations (St 330 
Cyr, et al. 2000).  The magnetic flux contained within the FR was set to 3x 1021Mx which is of a typical 331 
order of magnitude for observed in situ measurements (Kataoka et al. 2009). The magnetic field 332 
magnitudes at Earth for these events are ~90nT which would correspond to very large geo-effective 333 
events (Manchester et al. 2006). The FR is launched with a uniform radial velocity of 700km/s. The other 334 
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events vary these parameters as shown in table 1. Because our simulation is limited to introducing a FR 335 
with an instantaneous speed rather than with a more gradual acceleration, we are limited to a maximum 336 
initial speed of about 1200km/s (Case 4). Any further increase in speed is found to build up an excess in 337 
magnetic pressure early in the propagation of the FR such that it equilibrates by generating an unusually 338 
large radial expansion. Although this limitation prevents our current study from investigating extreme 339 
events such as the Carrington storm, it does allow us to investigate the more frequently observed fast 340 
CMEs.  341 
 342 
Initial Heliocentric,Xc FR radial Width, ac Initial Velocity Magnetic Flux, FL 
distance,  Rs Rs km/s Mx 
Case 1 10 4 700 3x1021 
Case 2 10 2 700 3x1021 
Case 3 10 4 900 3x1021 
Case 4 10 4 1200 3x1021 
 343 
Table 1. Initial conditions for the four 2.5D simulated CME case study events. 344 
 345 
 346 
Figure 3 shows an exploded view of the CME from case 1. Figure 3a displays an extra contour following 347 
the flux function as a white line. This line is manually selected between the open and closed field lines 348 
from the automated contours levels shown in black. The distance between two adjacent open/closed field 349 
lines is then used to estimate the error in the vertical extent (εh) of the FR. This process was carried out 350 
for each frame that was investigated in further detail. Figure 3b displays the velocity vectors of the solar 351 
wind relative to the center of the flux rope.  The theta direction of the spherical coordinate system used in 352 
these simulations is the co-latitude values (i.e. theta increases from the ecliptic north towards the ecliptic 353 
plane). The plasma within the sheath is deflected and slowed down by the leading shock front. Figure 3a 354 
and 3b clearly show the shock boundary, while 3b displays the solar wind smoothly deflecting around the 355 
FR obstacle. Figure 3c and 3d displays the phi and theta components of the current density, J. The change 356 
in the current density emphasizes the approximate location of the FR leading edge.  357 
 358 
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 359 
Figure 3. Displays a 2.5D simulated flux rope for case study 1 at a single time. The variables of the 360 
velocity in the radial and theta direction are displayed in panel a and b, respectively. The current densities 361 
in the phi and theta directions are shown in panels c and d, respectively.  The black contours represent 362 
lines of constant flux function, Ap which trace out the magnetic field lines. The white curve in panel a 363 
displays an additional line of constant Ap which is manually selected and used to estimate the error in the 364 
flux rope height as determined by a boundary of closed/open magnetic field lines. Panel b displays vector 365 
arrows in white which display the flow direction of the solar wind referenced from the center of the flux 366 
rope. 367 
 368 
The plasma beta within the FR for the simulations is below one; the solar wind has a beta value of 369 
approximately one and a higher value is present around the location of the current sheet. These results can 370 
be seen in figure 4. Figure 4 shows three frames during the early propagation phase of the simulated CME 371 
from case 1. The first frame displays a higher beta plasma surrounding the FR leading edge with the 372 
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leading shock front having recently been formed. The higher beta value within the sheath is indicated by 373 
the red coloration and the plasma smoothly flows around the CME leading edge (green vectors). The 374 
higher beta emphasises the relative importance of the plasma forces above the magnetic forces. The 375 
sheath plasma flows over the CME to the rear side where it interacts with plasma that is more dominated 376 
by the magnetic forces (beta less than one). The latter two frames show the high beta plasma flowing 377 
behind the FR and thus ‘kinking’ the field lines in a manner that forms a flux tube from numerical 378 
diffusion. 379 
 380 
Figure 4. Displays the plasma beta for the case 1 simulated FR at 3 time frames after its injection into the 381 
solar wind: 1 hour, 3.5 hours and 7 hours. The black lines represent the magnetic field lines and the green 382 
vectors show the plasma flow vectors in relation to the motion of the FR center. 383 
 384 
 385 
As the FR propagates, the shock front spans over a larger position angle, thereby disturbing the solar wind 386 
further north and south than the flux rope itself. However, the location of the shock front and the time 387 
evolution of the shock standoff distance are better viewed as a height-time map, shown in figure 5. The 388 
height-time maps have often been used for locating the heliocentric position of a CME from remote 389 
observations (Sheeley et al. 1999), and have more recently been used to determine their propagation 390 
direction (e.g. Davies et al. 2009; Rouillard et al. 2009). Figure 5 displays the magnetic field contours of 391 
the flux rope as black lines, while the color scale displays the radial velocity. The shock front is clearly 392 
located ahead of the FR and shown as a distinct boundary on the color scale. Behind the rear edge of the 393 
FR shows a region where the solar wind velocity changes rapidly.  394 
 395 
 396 
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 397 
Figure 5. Height-Time map of the flux rope along the ecliptic plane. The color scale displays the radial 398 
component of the velocity and the black contours are the same field lines of the flux rope as displayed in 399 
figure 2. The grey dashed line is at a constant heliocentric of 215 Rs, indicating the location of Earth. 400 
 401 
 402 
With the aid of Figure 6, we show that this is the reverse shock pressing onto the solar wind from rear 403 
edge of the CME. This is an effect from introducing a FR with an instantaneous fast speed. The effect can 404 
also be seen in figure 2b, between 3.5 and 10 hours, where a forward-reverse wave pair is initially formed 405 
ahead of the FR; the reverse wave then propagates through the FR resulting in a difference in speed 406 
between the front and rear edge which effectively creates a large expansion velocity for the FR. In the 407 
reference frame of the FR, this causes the rear edge of the FR to ram into the background solar wind 408 
causing a forward- reverse pair of shocks. This type forward-reverse pair behaviour has also been noted 409 
as an ‘over-expansion’ of a CME (Gosling et al. 1995) and occurred in uniform solar wind conditions 410 
such as our simulation; however the observations occurred at high latitudes within fast solar wind 411 
conditions. Therefore, although the global properties after ~0.5AU appear similar to those observed by 412 
Gosling et al. (1995), we believe the reasons for the forward-reverse pair are different in our simulation. 413 
This behaviour of a shock wave travelling through the CME at an early stage of its propagation (i.e. 414 
د30Rs) when the CME has a mostly circular cross-section may account for the slightly different magnetic 415 
structure to that simulated by Riley & Crooker (2004). In our simulations the shape of the flux rope is 416 
slightly unusual in that its lateral expansion apppears to only invovle the outer most flux (shown by the 417 
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single most extended field line) which expands to maintain the nearly constant angular width (50°) of the 418 
flux rope. This small amount of flux forms a thin ‘wing’ while the majority of the flux remains nearly 419 
circular in shape rather than being evenly distorted into an oblate shape. These wings have a higher 420 
plasma beta value (greater than 1) than the central sections of the FR – see figure 4. Further investigation 421 
into this behaviour would require more detailed studies in varying the intial speeds and by incorporating a 422 
more realistic acceleration process during the injection of the CME. These extended wings also appear to 423 
trigger strong inflows behind the flux rope. This can be clearly seen in figure 3b and figure 4 with the 424 
vector arrows of the flow direction. The previously open field lines of the solar wind are drawn into a 425 
deep u-shape behind the rear edge at two locations adjacent to the wings and reconnect to form closed 426 
flux systems.  427 
 428 
The location of the FR is shown between two vertical grey lines in the right hand panel of Figure 6. 429 
Figure 6 displays the result of a 1D spatial cut through the ecliptic. Therefore in this figure, we display the 430 
forward shock to the right (i.e. at a larger heliocentric distance) of the reverse shock (indicated by large 431 
discontinuities in the velocity profile), whereas it is often observed the other way for a time series of in 432 
situ measurements. We choose to display our figure this way because we do not focus on the specific 433 
nature of the forward-reverse pair, but instead are interested in the spatial locations of the FR and its 434 
associated forward shock front ahead. 435 
 436 
Figure 6. A 1D cut of the simulated domain from Case 1, when the FR is located at approximately 70Rs. 437 
The spatial profile was taken along the ecliptic. The left panel displays the magnetic field component (Bz, 438 
blue) that is perpendicular to the ecliptic plane and the flux function (red). Right panel: shows the density 439 
of the solar wind plasma (blue) and the radial component of the velocity (red). 440 
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 441 
 442 
The heliocentric position of the shock and the flux rope boundary were manually selected within fixed 443 
frames. For the four simulations, between 15 and 20 frames were selected, and the flux rope boundary 444 
was defined by four points: two along the ecliptic which measured the radial width of the flux rope by 445 
inspecting the flux function in figure 6; and two perpendicular to the radial which measures the vertical 446 
height (Chen, et al. 1997; Nieves-Chinchilla et al. 2012; Savani et al. 2012), which were estimated from 447 
frames similar to figure 2. Figure 7 tracks the increase in the flux rope’s radial width, the perpendicular 448 
vertical height and the radial width of the sheath (the shock standoff distance). The vertical height and the 449 
sheath width can be clearly seen to increase in size at a faster rate than the radial width of the flux rope; 450 
however this is more prominent with the vertical size than the sheath distance. The small increase in the 451 
sheath distance relative to the radial width was also observed by Manchester, et al. (2005), and can be 452 
qualitatively explained by two potential factors: 1. As the flux rope propagates, it decelerates and thereby 453 
decreases the shock strength. So, as the flux rope moves through the heliosphere, the Mach number 454 
decreases and the shock standoff distance increases. 2. The morphology of the flux rope changes therefore 455 
the dynamics of the standoff distance changes. 456 
 457 
 458 
Figure 7. An investigation of Case 1. The growth of a FR by tracking the increase in the radial width 459 
(red), vertical height perpendicular to the radial (blue) and the shock standoff distance (green). The 460 
vertical grey dashed line plots the heliocentric distance of Earth. 461 
 462 
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 463 
An analytical investigation of the sheath width (shock standoff distance) normalized to the radius of 464 
curvature of the leading edge was carried out by (Siscoe & Odstrcil 2008) with a focus on high Mach 465 
number (M > 5) conditions. We approximate the radius of curvature to the vertical height of the flux rope 466 
in our study and display the results as a function of heliocentric distance in figure 8.  Siscoe and Odstrcil 467 
investigated the behaviour of the two types of sheath regions for ICMEs and magnetospheres, labelled 468 
‘propagation sheath’ and ‘expansion sheath’, respectively. They conclude that, depending on the fraction 469 
of the weighted average between them, the weighted average normalized standoff distance should lie 470 
between 0.07 and 0.2. Figure 8 shows that cases 1-3 behave similarly, while case 4 is slightly large. The 471 
large expansion and high Mach number during the early propagation phase generates a normalized 472 
distance of ~0.1. As the bulk flow of the flux rope decelerates, the Mach number drops; this behaviour 473 
along with the possibility that a larger weighting for the ‘propagation sheath’ should be included at the 474 
later stages of a CME’s propagation might explain the growing normalized distance towards 0.3. These 475 
results are consistent with simulations carried out in the low corona below six solar radii (Loesch et al. 476 
2011). 477 
 478 
Figure8. An investigation of cases 1-4. The shock standoff distance is normalized to the vertical height of 479 
the flux rope (which is used as a proxy to the radius of curvature).  480 
 481 
 482 
Figure 9 displays the ratio of plasma density across the shock front for the four simulations investigated in 483 
this study. The shock jump compression ratio (red dashed line) can be considered as a good proxy for the 484 
shock strength (see equation 3 and 4), and is shown to decrease in a non-linear way as the flux rope 485 
propagates into the heliosphere. However, we should note that the flux rope and the plasma parameters 486 
are not investigated until ~25Rs. This is because the flux rope is unrealistically initiated much further into 487 
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the heliosphere than is observed and the sudden acceleration of the flux rope in the early phase would not 488 
be considered as typical propagation. The panels a – d represent the calculated parameters for case 1 –4 489 
respectively. In this study we investigate the DR coefficient, kdr, by re-arranging equation 1. This enables 490 
us to avoid the complications that arise from using different specific heat ratios or from using the 491 
mathematical derivations of Mach number from HD or MHD (equation 3 and 4). In addition, equation 1 492 
is not explicitly related to the vertical height of the FR. As we wish to capture the behaviour of the shock 493 
and the appropriate jump conditions the specific heat ratio, γ, is set to 1.4. This is slightly below the 5/3 494 
value of a thermodynamic monatomic ideal gas, therefore the theoretical maximum compression ratio is 6 495 
and not 4 in our simulation. This is evident when inspecting the early stages of propagation for Case 4 496 
(panel d), where the plasma compression ratio peaks to a little over 5.   497 
 498 
The DR coefficient (blue solid line) in figure 9 shows a clear dependence on heliocentric distance. The 499 
popular value of 1.1 from equation 1, recently used to investigate in situ studies of CMEs (Savani, et al. 500 
2011b) and remote observations (Gopalswamy, et al. 2012), is displayed as a horizontal dotted grey line. 501 
The lower bound appears to be consistent for all the simulations and remains approximately 0.8±0.1 at 502 
small heliocentric distances. This value supports equation 2 and the spherical geometry of a 503 
magnetosphere studied by Seiff (1962) from the Sun to a heliocentric distance of about 30Rs (~0.15AU). 504 
kdr appears to increase linearly with heliocentric distance as can be seen by the linear best fit curve 505 
displayed as a blue dot-dashed line. The linear approximation appears to improve as the initial speed of 506 
the injected CME increases. We hypothesize that the change in kdr is due to the change in the CME shape, 507 
which becomes more oblate as it propagates (indicated by the increase in aspect ratio). Panel d appears to 508 
contradict this hypothesis, by showing an aspect ratio that remains predominately constant at a little above 509 
1. However, caution should be taken when considering panel d because the large injected speed of the 510 
CME (1200km/s) is a limitation on our simulation. The effect of this large speed on our simulation is to 511 
dramatically increase the radial expansion of the CME, which is perhaps not entirely realistic to 512 
observations even though evidence of many CMEs with small aspect ratios have been made (Lynnyk, et 513 
al. 2011; Savani, et al. 2011b). So the linear increase in kdr is more accurately linked, not to the aspect 514 
ratio, but to the size and the radius of curvature of the CME’s leading edge. 515 
 516 
Panel a, b, and c have been set to the same x/y axes for the ease of comparing kdr for the different 517 
simulations. Panel a and c show that an increase in speed which increases the density compression ratio 518 
across the shock and the aspect ratio of the CME has little effect on kdr (kdr is about 1.8 ±0.3 at Earth for 519 
both simulations). These two simulations also show that the coefficient remains predominately above the 520 
nominal 1.1 during the CME’s propagation to 250Rs, achieving kdr=1.1 at approximately 80Rs. 521 
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 522 
Case 2 (Panel b) displays the results for an initial flux rope with half the diameter, and hence half the 523 
angular width, of case 1 (panel a). Here we see a significant difference between the kdr values even though 524 
the aspect ratio of both CME’s appear to be similar. This means the difference is due to the vertical extent 525 
of the CME, which supports our early suggestion that the radius of curvature (vertical extent) of the flux 526 
rope’s leading edge is a significant variable that changes kdr. Case 2 shows that for smaller CMEs with an 527 
angular width of ~22.6º, a kdr value of 1.1 appears to be adequate between the Sun and 215Rs as a first 528 
approximation because the value only varies between 0.8 and 1.25. 529 
 530 
Finally, our results are in good agreement with density ratios derived by remote observations of CME-531 
driven shocks at heights below 20Rs (Ontiveros & Vourlidas 2009). They obtained density compression 532 
ratios of >1.5 for distances above 12 Rs. If we combine the Ontiveros and Vourlidas (2009) 533 
measurements with our results, we conclude that the density compression ratio should increase up to a 534 
height of about 20-30Rs and then begin to decrease. This implies that CMEs tend to decelerate above 535 
30Rs. Further remote measurements of density compression ratios, especially in the fields of view of 536 
heliospheric imagers (>40Rs), will be highly valuable in verifying our simulation results.  537 
 538 
 539 
Figure 9. The aspect ratio (red solid line), plasma density compression ratio across the shock (red dashed 540 
line) and the DR coefficient (blue solid line) from equation 1 are displayed as a function of heliocentric 541 
distance, X. The blue and red curves relate to the left and right vertical y-axis, respectively. The linear 542 
best fit for kdr is displayed as a dot-dashed blue line, while the expect value is the grey dotted line at 1.1. 543 
Panels a, b, c and d correspond to case 1, 2, 3 and 4, respectively.   544 
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 545 
5. Conclusions 546 
 547 
In this paper we investigate the behaviour of a CME and its associated shock standoff distance with the 548 
aid of 2.5D simulations between 10 and 300 Rs. By examining the density compression ratio coefficient, 549 
kdr (from equation 1), we investigate the appropriateness of comparing the geometry of Earth’s 550 
magnetosheath to a sheath found downstream of a CME-associated shock. We have chosen to investigate 551 
this problem with 2.5D simulations rather than the 3D case for reasons of computational speed, our ability 552 
to simply repeat the problem for different initial parameters and because the scientific study concentrates 553 
only on the cross-sectional cut through the axis of a flux rope. However, we note a comparison between 554 
2.5D and 3D simulations have been made (Jacobs, et al. 2007), and have concluded that the results are 555 
similar when their injected radial momenta are the same. 556 
 557 
We conclude that a comparison between Earth Magnetosphere and a magnetic flux rope like structure, as 558 
expressed in equation 1, is appropriate as a first approximation, in particular for narrow CMEs. But also, 559 
that the geometry of a CME changes during its propagation and therefore the kdr value changes. It is more 560 
appropriate to use a kdr value of 0.8±0.1 for small heliocentric distances (i.e. for remote observations 561 
between 1 and 30Rs). This lower kdr value corresponds to an estimated spherical geometry of Earth’s 562 
magnetosphere (equation 2, Seiff 1962). This geometry and a value of 0.8 was shown to be successful at 563 
estimating the magnetic field strength in the corona where the CME was observed and measured as a 564 
circular structure (Kim et al. 2012). As the CME propagates the cross section becomes more oblate and 565 
the kdr value increases linearly with heliocentric distance, such that kdr= 1.1 is most appropriate at a 566 
heliocentric distance of about 80Rs.  For terrestrial distances (215Rs) we estimate kdr= 1.8 ±0.3, which 567 
also indicates that the CME structure is generally more oblate than Earth’s magnetosphere. 568 
 569 
In the four simulated case studies, we investigated the effect of initial speed and the size of the injected 570 
flux rope. We can see that the kdr value is significantly affected by the CME’s heliocentric distance and by 571 
the size (radius of curvature) of the leading edge of the magnetic flux rope. The initial speed appears to 572 
have only a small effect, with the exception of case 4, which may reflect a limitation of our model, 573 
namely due to excessive radial expansion created from an instantaneous initial flux rope speed. However, 574 
as the initial speed of the flux rope was increased the uncertainty in the linear best fit curve for kdr values 575 
(as a function of distance) decreased. The magnetic field strength within the flux rope (between case 1 576 
and 2) also had a less significant effect. 577 
 578 
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Throughout the analysis, we have concentrated on the height of the CME as a proxy for the radius of 579 
curvature of the leading edge in the plane of the cross section. Realistic CMEs are 3D objects that also 580 
possess a curvature of the leading edge that is perpendicular to the cross section. We have chosen to 581 
ignore this effect here. In essence, we have assumed that the radius of curvature in this dimension is 582 
significantly larger than the cross section curvature, which we can therefore assume to be linear. As our 583 
simulation is 2.5D, our propagating flux rope is in fact a 3D torus whose perpendicular curvature is the 584 
same as the heliocentric distance. 585 
 586 
This work also concentrated on the radial width of a CME along the center of the flux rope. It is 587 
extremely unlikely that any spacecraft would travel exactly through the center, and therefore our analysis 588 
is idealised. Also for the simplicity of measuring the aspect ratio of the flux rope at specified frames, we 589 
did not measure the radial width of the CME as a time series. Due to a flux rope expanding while it passes 590 
over a fixed position, a difference of approximately 5% is expected between the radial widths of the two 591 
different methods (Owens, et al. 2006). Our method is therefore less appropriate for any comparison to in 592 
situ measurements but more relevant to the underlying physics for kdr values. Also recent observations 593 
(Nieves-Chinchilla, et al. 2012; Vourlidas et al. 2011) and simulations (Shiota, et al. 2010) have shown 594 
that CMEs may rotate as they propagate; this would also complicate any attempt to estimate the aspect 595 
ratio from in situ measurements. 596 
 597 
Any future investigation should try to mitigate the limitations of our work by focusing on the flux rope 598 
structure at smaller heliocentric distances (<30Rs), so that more detailed comparisons can be made for 599 
remotely observed CMEs (Gopalswamy, et al. 2012). Also, an improvement on our instantaneous 600 
injection of a fast flux rope can be made by introducing a flux rope with a more realistic acceleration over 601 
a short distance. This will allow future work to study larger maximum speeds and therefore investigate 602 
extreme events that are more likely to be significantly geo-disruptive.   603 
 604 
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